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ABSTRACT 
Standard  Pett ier entropies for the reactions 
O2 + CO2 + 2e-  --> COs- -  
2CO2 + 2e-  --> CO + CO3- -  
in molten carbonate paste electrolytes at 10O0~ have been determined from 
thermogalvanic measurements. The results are --217 and --118 J /mole~ 
respectively. No dependence on electrolyte composition is observed. The re-  
versible part  of the Pelt ier entropy for the oxygen electrode reaction is esti- 
mated from thermodynamic data and reasonable agreement with the exl~eri- 
mental  results is found. It is concluded that the main contribution to the Pelt ier 
entropy arises from the transit ion from gaseous to l iquid state, whereas the 
transfer entropies of the ionic species are of minor importance. 
In power-producing electrochemical cells, heat is 
l iberated from the electrode reactions and the i r re-  
versible losses. In most cells working on solid- or 
l iquid-state reactants, the entropy of reaction wil l  
in practice be of minor importance compared to the 
contributions from ohmic resistance and electrode 
polarization. However, if the electrode reactions have 
a net consumption or production of gaseous com- 
ponents, the entropy change will  be considerable, due 
to the transit ion of state, and has to be taken into 
account. On the basis of the over-al l  heat evolved 
in a single cell during load, the temperature distr ibu- 
tion in fuel cell batteries has been treated (1-3), 
but so far l i tt le attention has been paid to the single 
electrode heat balance and temperature gradients 
inside single cells caused by nonsymmetr ical  heat 
evolution at cathode and anode. 
The heat evolved at a reversible electrode is de- 
termined by the Pelt ier  entropy of the electrode re-  
action, which may be found from thermogalvanic 
measurements. Previously, the Pelt ier entropies of 
high temperature gas electrodes in ionic conducting 
oxides l ike ZrO2 (4) and ThO2 (5) have been in- 
vestigated, and we have reported some prel iminary 
results for carbonate lectrolytes (6), which stil l left 
some uncertainty about the dependence on tempera-  
ture and carbonate composition. 
In this paper, the Pelt ier  entropies of the Oz + CO2 
and the CO + ,CO2 electrode are determined. In part 
II of this paper, the heat evolved at the electrode 
during the i rreversible passage of current is related 
to the Pelt ier entropies and some effects of the tem- 
perature gradients created are discussed. 
Theory 
For the thermogalvanic ell involving a mixture 
of molten carbonates 
Pt (T)  IO2 + CO21Me2COaIO2 + CO2[Pt(T + AT) 
[A] 
with the electrode reaction 
1/2 O2 + CO2 + 2e-  --> COs- -  [1] 
the Pelt ier  entropy ASp(O2, CO2) may be determined 
from the thermogalvanic force ATGF by the equa- 
Key words:  thermocel l ,  Pe l t ier  entropy,  molten carbonate,  gas  
electrodes. 
tion (7) 
~TGF 
2 F - -  ASp (02, CO2) = ASp~ CO2) 
AT 
+ R In p(O2) I/2p (CO2) [2] 
where the standard Peltier entropy is given by 
ASp~ CO2)  = [So(CO3 - - )  _ I/2So(O2) 
A 
- -  So(CO2)  - -  2So(e - ) ]  + AS  [3 ]  
The first term in Eq. [3] is the reversible entropy of 
A 
reaction, whereas AS 1 is the entropy of transfer cor- 
responding to the homogeneous part of the thermo- 
galvanic force, i.e., the thermal  diffusion potential  
A 
in the electrolyte and the electrode leads. 2 AS is com- 
posed of the transfer entropies of the species carrying 
the current according to 
A A 
aS _-- t (COa- - )S  (COa- - )  
A A 
- -  2t (Me+)S(Me +) -- 2S(e - )  [4] 
These excess entropies of transfer arise from the fact 
that transported particles are not average particles 
but a selected ensemble, thus carrying an excess en- 
tropy, the transfer entropy (8). Compared to the 
equi l ibr ium term in Eq. [3], involving a transit ion 
from gaseous to l iquid state, the transfer term [4] 
is expected to be of secondary importance. 
For the cell 
P t (T)  ICO + CO2]Me2CO3[CO + CO2]Pt(T + aT) 
[B] 
having the electrode reaction 
2CO2 + 2e-  --> CO + CO3- -  [5] 
we obtain the expressions 
A 
1 The entropy of t rans fer  S is re lated to the t ranspor ted  entropy 
A 
S* used inRef .  (7) by the equat ion S = S* - S. 
It is noted that  since the single electrode potent ia l  is not a 
measurab le  quant i ty,  the numer ica l  separat ion of the thermal  
emf  into contr ibut ions f rom the homogeneous  and heterogeneous  
t rans fer  processes can only be per fo rmed on the basis of a con- 
vention. 
207 
Downloaded 26 Aug 2009 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
208 J. Electrochem. Soc.: ELECTROCHEMICAL  SCIENCE AND TECHNOLOGY February 1977 
ATGF 
2F = ASp(CO, COD = ASpo(CO, COD 
AT 
p~ (COD 
+ R In [6] 
p (CO) 
AS~oCCO, C~)  = [So(CO~--) + So(CO) 
A 
- 2so(coD - 2So(e-)] + As  [7] 
A 
where  AS is also determined by Eq. [4]. 
Subtract ing [7] from [3] yields 
ASp~ COD - ASp~ COD -- S~ 
- -  1/2So(O2) -- So(CO) [8] 
which shows that Pelt ier  entropies of different elec- 
trodes in the same media are related by wel l -known 
thermodynamic magnitudes, not involving single ion 
or transport  properties. 
When a cell s imilar to [B] contains an equil ibrated 
mixture of "C-H-O gases" (such as reformed hydro-  
carbons), the only species of importance above the 
carbon deposition temperature are the gases He, CO, 
CH4, H20, and CO2 (9). Their equi l ibr ium part ial  
pressures are given by the reactions 
H~ + ,CO2 ~ H20 + CO [9] 
p(H~O)p (CO) 
Ks -- [I0] 
p (H~) p (COD 
4H2 + CO2 ~-- CH4 + 2H20 [11] 
p (CH4)p (H~O) 2 
Km = [12] 
p (H2)4p (CO2) 
The Pelt ier  entropy of this cel~ can be found from 
simple thermodynamic equi l ibr ium considerations for 
the isothermal cell 
(a )P t (T )  IC-H-OIMe2CO310,2 + CO2]Pt(T) (c) [C] 
The "C-H-O" electrode reaction is a superposit ion 
of CO, H2, and CH4 oxidation reactions. In the case 
of an equil ibrated gas mixture, these reactions wil l  
be l inear combinations of the CO equi l ibr ium [5] 
and the gas phase equil ibria [9]' and [11]. The Pelt ier 
entropy for the mixed "C-H-O" electrode reaction 
can, therefore, be calculated from the temperature 
dependence of the emf on the basis of the CO elec- 
trode reaction [5] when the change in gas phase 
composition is taken into account. 
dE 
AS ---- 2F = ASp (02, CO2)  -- ASp (C-H-O) 
dT 
AS = - ~ASo(OD - So(CO) + So(CO2) 
d [ p(CO) ] 
+ Rln[p(O2)wp(C02)]c + R- -  T ln  
dT P (C02) 2 a 
[13] 
This yields in combination with [2] and [8] 
ASp(C-H-O)  : ASp~ CO2) 
p(CO) d p(CO) 
- -  R in RT In [14]  
p(CO2) 2 dT p (CO2) 2 
Equation [14] reduces to [6] for the pure CO, CO2 
cell [B]. The last two terms in [14] can be calculated 
from the equi l ibr ium constants Ks and Km and the 
corresponding standard reaction enthalpies AHs o and 
AHm ~ when C /H/O atomic ratios of the fuel gas are 
given. An example is given in part II of this paper. 
Experimental  
Figure 1 shows the exper imental  arrangements. The 
electrolyte, a rather stiff paste of 45 weight percent 
lU g2 s g a 5 V///////////A 
9 ~ i / I / l l l l / / I / l l / J~  
~ Ceramics AlsO3 tube Paste e lect ro lyte  
Pt e lectrode 
Ther'mocouple 
Pt 0 ~ c Cu jA TGFj: Cu 0 ~ Pt 
Ni Cu A T Cu NI 
I J , ]  I 
NiCr L Ccl t "~ CU I NiCr 
Fig. 1. Experimental setup for the determination of thermogal- 
vanic forces in paste electrolyte. 
(w/o) Me2CO3 and 55 w/o MgO prepared by careful 
mixing of the dry powders, heating overnight at 750~ 
in an A120~ crucible, and subsequent grinding in an 
alumina ball  mill, is pressed into an alumina tube at 
a temperature just above the melting point. 
The plat inum electrodes are fixed at the end of 
the thermocouple protection tubes. During the init ial  
heating of the oven, when the temperature had just 
passed the melt ing point of the electrolyte, the ther-  
mocoup!es were pressed against the electrolyte in 
order to ensure a proper electrode-electrolyte contact. 
The gas mixtures were fed to the center of the 
oven and removed from both ends in order to avoid 
disturbance from CO disproport ionation with asso- 
ciated carbon deposition in the colder parts when 
reducing atmosphere was applied. Furthermore,  the 
gas volume and space time were reduced by ceramic 
plugs also serving as heat insulation between the 
two electrode compartments. 
The oven is equipped with two separate bifilar heat-  
ing coils supplied from voltage-stabi l ized transformers. 
The thermocouples are Ni/NiCr. The thermogalvanic 
force and the thermocouple voltage difference, ATEF, 
are recorded on a Servogor two-channel recorder 
connected to the outputs of the two Hewlett -Packard 
3420 differential voltmeters. Util izing the zero sup- 
pression feature of these instruments, full scale de- 
flections of 100 #V for TGF and 10 ~V for TEF are 
obtained on the recorder. 
The experimental  procedure is as follows: 45 min 
after a change of heating coil voltage, ATGF and 
ATEF are recorded for 15 min. Before and after the 
recording the temperature is read. The recordings 
are made in order to el iminate the effect of minor 
instabil it ies and drift  due to voltage fluctuations in 
the mains. The voltage of the colder heating coil is 
then increased, thus creating a reverse temperature 
difference of approximately 15~ and a higher aver-  
age temperature. After a 45 min equil ibration period, 
the next set of readings is made. When the upper 
temperature l imit of 900~ is reached, the measure-  
ments are repeated for decreasing temperature l vels 
ti l l  the point of solidification, or in case of CO-CO2 
mixtures to the carbon deposition temperature of 
about 760~ (9). 
Because of the thermocouple-electrode distance and 
the rather high thermal conductivity of the alumina 
tubes, the measured temperature differences are about 
10% larger than the actual electrode temperature 
differences. To correct for this systematical error, the 
electrolyte is substituted by a Pt 10% Rh wire em- 
bedded in MgO and contacting the Pt electrodes. The 
thermoelectr ic force of this differential thermocouple 
is then determined using the procedure described 
above. A correction function is calculated from l i tera-  
ture data. 
Computation Procedure 
The exper imental  procedure where only one set 
of ATGF, ATEF, and TEF readings is obtained at each 
temperature makes the calculation of the Seebeck 
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coefficient more complex than with the usual tech- 
nique, where the Seebeck coefficient is calculated from 
the slope of a ~TGF vs. ATEF plot at a fixed tem- 
perature. On the other hand, the method yields more 
information from the experimental effort, especially 
with respect o the temperature dependence. 
The relation between the thermogalvanic force 
and the thermoelectric force of the thermocouples 
may be written as 
eE 
~,TGF = [ATEF ~ A(T) ]  [15] 
e T ' 
where eE and eT' are the Seebeck coefficients of the 
electrode and the apparent Seebeck coefficient of the 
thermocouples containing the systematical tempera- 
ture error mentioned above. A (T) is the temperature 
dependent offset error of the thermocouples. 
If eE(T) and A(T)  are expanded in power series 
with respect o temperature 
~E : ~r e i (T - -  To) t [161 
i=0  
A : ~ a j (T - -  To) j [17] 
~:0 
Eq. [15] may be rewritten as 
2 ATGF -- ~TEF __ ei(T -- To) I 
i~0  
+ ~-~ ei ~r a j (T - -To)  i+J]  [18] 
i=0  j :0  
This equation shows how eE(T) may be determined 
from a multiple regression analysis with respect to 
ATEF (T -- To) i, i : 0, 1, 2 , . . .  and (T -- To) 1, 1 : 
0, 1, 2, . . .  when ew'(T) is known. 
ew' (T )  may be obtained from the calibration experi- 
ments, where the thermogalvanic cell is substituted 
by a differential Pt /Pt  10% Rh thermocouple. In this 
case the Seebeck coefficient of Pt /Pt  10% Rh relative 
to ~W' may be determined from Eq. [18]. Comparing 
this power series with l iterature data (10), also ex- 
panded in a power series, yields an analytical expres- 
sion for eW' and allows the calculation of the Seebeck 
coefficients for the electrodes on the basis of Eq. [18]. 
Results and Discussion 
In all cases, the colder electrode constituted the pos- 
itive pole of the cell. Tables I and II give the experi- 
mental Seebeck coefficients and the standard Peltier 
Table I. Peltier entropy for the reaction i /2 02 -I- COs ~ 2e- 
COg- -  in the temperature range 800~176 
Electrolyte Std  dev,  pc%, Po 2, J /mo le  
equimolar mV/~ mV/~ atm atm ~ 
(L i ,Na) 2CO~ -1 .16  0.02 0.62 0.38 -220  
(L i ,Na) 2CO~ -1 .17  0.07 0.65 0.35 -218  
(Li,K)2COs -- 1.14 0.01 0.65 0.35 - 213 
(Li, Na,K) ~CO8 -1 .14  0.02 0.67 0.33 -212  
(Li, Na, K) 2COa - 1.20 0.02 0.65 0.35 - 223 
Average - 217 
Table II. Peltier entropy for the reaction 2C02 -~- 2e- 
CO -I- COg- -  in the temperature range 1050~176 
~pO 
Electrolyte Std dev,  pco 2, pco, J /mo le  
equimolar mY/~ mY/~ atm atm ~ 
(L i ,Na) ~COs -- 0.66 0.02 0.50 0.50 - 122 
(Li,K)2CO3 -0 .64  0.02 0.55 0.45 --120 
(Li ,Na,K) ~CO3 -- 0.63 0.01 0.50 0.50 -- 116 
(L i ,Na,K)  2CO3 -0 .63  0.03 0.50 0.50 --116 
Average - 118 
209 
entropies for the 02 -~ CO2 and the CO -~ CO2 elec- 
trode. No temperature dependence is observed in any 
case. It is noted that the deviations between values 
obtained for identical electrolytes are larger than ex- 
pected from the standard deviations calculated in 
the regression analysis. This indicates that the main 
error source is the reproduction from one experiment 
to another of electrode and thermocouple position in- 
side the oven. Thus no significant dependence of the 
Peltier entropy on carbonate composition is found. 
This very small dependence of the Peltier entropy on 
the melt composition is expected, since the main en- 
tropy contribution originates from the transition from 
gaseous to liquid state, whereas the change with com- 
position is in the order of mixing entropies. 
As a check on the experimental values, the differ- 
ence between the Peltier entropies for the two elec- 
trodes may, according to Eq. [8], be calculated and 
compared to l iterature data. Using the mean values 
in Tables I and II we obtain 
So(COD - 1,23o(O2) -- So(CO) 
= aSp ~ (02, COD -- ~Sp ~ (CO, CO2) 
- -217 + 118 -- -99  J /mole~ 
compared to the value of --87.4 J /mole~ at 1000~ 
given in (11). This discrepancy is somewhat larger 
than expected from the standard deviations. The CO 
+ CO2 electrode is, in contrast o the O~ + CO2 elec- 
trode, very sensitive to minor changes in gas phase  
composition, which may be caused by convective mix- 
ing at the electrodes with partly decomposed gas 
from colder parts of the oven. Thus, the Peltier en- 
tropy determined for the CO + CO2 electrode is less 
reliable and may be responsible for the deviation. 
The reversible part of the Peltier entropy can be 
estimated on the basis of thermodynamic data. How- 
ever, in order to obtain the entropy of the carbonate 
ion, it is necessary to know the contributions from 
vibration and rotation of the polyatomic ion. This 
difficulty may be avoided if, for example,the oxygen 
electrode reaction [1] is separated into the reactions 
1/2 02 + 2e- ~ O- -  [19] 
O-  - + CO2--> COg- - (solvation of O-  - )  [20] 
From l iterature data the entropies of alkali oxides in 
the liquid state have been estimated as a function of 
temperature (12). Distributing the entropy equally 
among the ions and neglecting the mixing entropy, 
we obtain for an equimolar mixture of Li20 and 
Na20 at 1000~ the value 
S~ - - )  ---- (152 + 204)/6 = 59 J /mole~ 
For the combination of O-  - and CO2, Andersen (12, 
13) has determined the free energy and entropy 
change in different carbonate melts. Using the value 
for (Li, Na)2CO3 gives 
~S~ O) = --126 J /mole~ 
which yields the estimate on the entropy of the car- 
bonate ion in the liquid state 
S~ - - )  = ~S~ O) + So(CO2) + So(O - - )  
---- --126 + 269 + 59 ---- 202 J /mole~ 
The transported entropy, S* (e - ) ,  of the electron is 
calculated from the absolute thermoelectric force of 
Pt at 1000~ (10) 
A 
S*(e - )  = So(e - )  -}-S(e- )  = 17.1 10-696,500 
= 1.65 J /mole~ 
The reversible part of the Peltier entropy is now cal- 
culated as 
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ASp,rev~ CO2) -- S~ - - )  -- 1/z S~ 
- -  S~ -- 2So(e - )  ~ 191 J /mole~ 
which is rather close to the exper imental  Pelt ier en- 
tropy of --217 J /mole~ The uncertainties introduced 
by the assumptions made above may readi ly  account 
for the discrepancy. Thus, as expected the entropies 
of transfer only constitute a minor part  of the, Pelt ier 
entropies of gas electrodes in molten carbonates. 
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E electromotive force (V) 
F Faraday constant (C/mole) 
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REFERENCES 
1. D. Gidaspow and B. S. Baker, AIChE J., 11, 825 
(1965). 
2. D. Gidaspow, B. S. Baker, B. C. Joe, and F. Oliva, 
Chem. Eng. Prog. Syrup. Ser., 63, 63 (1967). 
3. B. S. Baker, D. Gidaspow, and D. Wasan, in 
"Advances in Electrochemistry and Electrochem- 
ical Engineering," Vol. 8, C. W. Tobias, Editor, 
Interscience, New York (1971). 
4. R. J. Ruka, J. E. Bauerle, and L. Dykstra, This 
Journal, 115, 497 (1968). 
5. N. M. Tallan, ibid., 118, 345 (1971). 
6. T. Jacobsen, Abstract 171, p. 427, The Electrochem- 
ical Society Extended Abstracts, Spring Meeting, 
New York, New York, May 4-9, 1969. 
7. H. Holtan, P. Mazur, and S. R. de Groot, Physica, 
19, 1109 (1953). 
8. J. N. Agar, in "Advances in Electrochemistry and 
Electrochemical Engineering," Vol. 3, P. Delahay, 
Editor, Interscience, New York (1963). 
9. G. H. J. Broers and B. W. Treijtel, Adv. Energy 
Conver., 5, 365 (1965). 
10. Landolt-BSrnstein. 6  Aufl. II Band 6. Tell, Springer 
Verlag, Berl in (1959). 
11. Landolt-BSrnstein, 6. Aufl. I I  Band 4. Tell, Springer 
Verlag, Berl in (1961). 
12. B. K. Andersen, Thesis, The Technical University 
of Denmark (1975). 
13. B. K. Andersen, Troisiemes Journ~es d'Etude de 
Piles a Combustible, Bruxelles, 1969. 
Single Electrode Heat Effects 
II. Single Electrode Heat Evolution 
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Fysisk-Kemisk Institut, The TechnicM University of Denmark, DTH 2800 Lyngby, Denmark 
and G. H. J. Broers 
Inorganic Chemistry Department, State University at Utrecht, Utrecht, The Netherlands 
ABSTRACT 
The heat evolution at a single i r revers ib ly working electrode is treated on 
the basis of the BrCnsted heat principle. The resulting equation 
= T +n i 
dt nF 
is analogous to the expression for the total heat evolution in a galvanic cell 
with the exception that --AS is substituted by the Pelt ier entropy, ASp, of the 
electrode reaction. ~ is the overvoltage at the electrode. This equation is applied 
to a high temperature carbonate fuel cell. It is shown that the Pelt ier  entropy 
term by far exceeds the heat production due to the irreversible losses, and that 
the main part of heat evolved at the cathode is reabsorbed at the anode. 
Final ly, effects l ike thermal corrosion, caused by internal temperature gradi-  
ents, are discussed. 
Most treatments of heat effects in galvanic cells are 
based ion the over-al l  heat evolution calculated from 
the reversible heat evolution, --TAS, and the polariza- 
tion losses. So far, l itt le attention has been paid to the 
single electrode heat evolution. In galvanic cells work-  
ing on solid- or l iquid-state reactants and products, the 
Key words: heat evolution, molten carbonate fuel cells, Peltier 
entropy, thermal cor ros ion .  
main heat evolution is caused by the polarization losses, 
whereas in most fuel cells involving a net consumption 
of gaseous components, the single electrode reactions 
contribute considerably to the heat evolution at mod-  
erate loads. They may give rise to rather large tem- 
perature gradients inside the cell. In porous gas diffu- 
sion electrodes, temperature gradients may cause con- 
vection in the electrolyte film through gradients in 
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